Abstract. The snow surface in polar and mountainous regions is mobile and this mobility determines surface mass balance and isotopic composition before final deposition, which is poorly understood thus far. During a field campaign in Antarctica, a snowfall and subsequent drifting snow event was recorded by meteorological and snow drift stations. Associated surface topology changes and snow hardness changes were measured by terrestrial laser scanning and with a SnowMicroPen. The polar field measurements show that drifting snow is necessary for wind-packing and that the hardening is more efficient at 5 wind-exposed surfaces than in wind-sheltered areas. Furthermore, it is quantitatively demonstrated for the first time how fresh snow gets organized in barchan dunes during subsequent drifting events with significant increases in surface hardness at all locations on the dune. These results form a crucial step in understanding how drifting snow links precipitation to deposition via snow hardening.
In December 2016 and January 2017 we were able to capture a snowfall and subsequent drifting snow event in Antarctica which resembled our wind tunnel experiments. Comparable measurements to those in the wind tunnel were performed. The Antarctic event is presented in this paper and we show how the observations compare to the wind tunnel results. An event as described below has not yet been observed in such detail. To our knowledge, simultaneous SMP and terrestrial laser scanning measurements of a barchan dune have never been performed. The results are expected to give new insight into how snow 5 accumulation may happen in polar environments.
Data and Methods
The event was observed close to the Princess Elisabeth Station, which is located about 220 km inland in Queen Maud Land at an elevation of 1392 m above sea level (71 problems, there are gaps up to several days long in the time series of the different wind speed sensors. Therefore, all the CSAT and Young data was combined into a single wind speed time series with a temporal resolution of one minute. The averaged wind speed was calculated without adjusting for the height above ground of the sensors, which were at heights between about 1 m and 3.5 m.
Digital Surface Models (DSM) of the terrain around the two stations were acquired on several days with a Riegl VZ-6000
20
Terrestrial Laser Scanner (TLS). The scanner was positioned on a tripod on top of a container to increase the field of view and the incidence angle between the laser beam and the terrain.
About 450 SMP profiles were acquired. The same processing as in Sommer et al. (2017) was applied to them. In short, each profile is reduced to a characteristic number which is the 90% quantile of the force in the topmost centimeter of the snowpack. This variable, called the SMP hardness, is well suited to detect hardness changes at the surface. The location of SMP transects 25 was marked with bamboo poles and the SMP positions in each transect was determined with a measuring tape. The bamboo poles are visible in the TLS scans, allowing for an accurate positioning of the SMP measurements with respect to the DSMs, which can therefore be used to calculate snow depth changes and Sx at the SMP positions. All SMP and TLS measurements were performed between the two blowing snow stations.
In Sommer et al. (2018) , we showed that deposition of snow only led to hardening in wind-exposed areas. As explained in 30 the introduction, the parameter Sx was used to describe wind-exposure and wind-sheltering. Based on the Kinect data, Sx could be calculated as a function of time. In Antarctica, the available DSMs can be used for a similar analysis. We cannot calculate a time evolution of Sx but the values calculated based on the scans should reflect the wind-exposure situation at the end of The data is publicly available on Envidat (Reference follows). Figure 1 gives an overview over the studied period. Figure 1A shows the wind speed, Fig during the snowfall and consequently, almost no drifting snow was observed during and for several days after the snowfall period. Comparing the TLS scans from before and after the snowfall showed that there were about 10 cm of fresh snow in the area where SMP measurements were performed. SMPs were acquired on three days in the period after the snowfall without drifting and all of them have very soft snow at the surface. The SMPs acquired directly after the snowfall event on 22 December are called "Initial SMPs" and their average SMP hardness of 0.01 N is used as a 15 reference to calculate SMP hardness changes. There was a small drifting snow event on 28 December. 105 out of the 128 SMPs acquired afterwards on 29 December have hardnesses below 1 N. However, 23 SMPs were harder than 4 N (squares in Fig. 1C ). The DSM of the same day shows that all these SMPs were acquired in an area of deposition with respect to 18 December but it was noted at the time that there had been recent erosion in some areas. Most likely, snow was deposited there during the drifting snow events before the snowfall and the new snow that accumulated during the snowfall period, was eroded 20 again during the drifting snow event on 28 December exposing the old surface. The hard snow surface is therefore part of a deposition of old snow. The main drifting snow event took place on 30-31 December. The wind speed was higher than 10 ms −1 and the cumulative mass flux increased by 28 kgm −2 which is 40 times higher than the increase during the small drifting snow event on 28 December. The TLS scans acquired afterwards show that barchan dunes formed everywhere in the study area (see Fig. 2 ). The wind speed decreased again to below 6 ms −1 after the event and there was almost no drifting snow anymore. The 25 dunes remained correspondingly inert. SMPs were acquired on five days after the event. On 3, 6 and 7 January, the hardness of a selected dune was measured in a total of 10 transects. Seven more "Dune SMPs" (triangles in Fig. 1C ) were acquired on 12 January. These seven measurements as well as seven SMPs from 7 January were repeat measurements that were acquired close to clearly identifiable measurement locations from previous days. It can be seen in Fig. 1C that there were areas with a soft surface before the snowfall as well as after the drifting snow event. This shows that drifting in itself is not a sufficient condition 30 to form a wind crust. Figure 2A shows an image of the surveyed barchan dune viewed from the scan position on the container. Figure 2B shows the snow depth change between 18 December and 6 January from the same perspective as Fig the SMP transects are clearly visible in both parts of the figure. It can be seen in Fig. 2A that zastrugi formed in the tail area (upstream end, see Fig. 2B ) of the dune. Zastrugi Filhol and Sturm (2015) are erosional surface features meaning that the dune has already been partly eroded again. The dune is about 25 m long, 11 m wide and 15-20 cm high. With these dimensions, the dune is rather large in the horizontal and average in the vertical compared to values reported in the literature Filhol and Sturm (2015) . It is clear from Fig. 2A how shallow most barchan dunes are and that they may not even be detectable by eye without 5 differential snow depth measurements. shown here is the difference between the DSMs of 18 December and 11 January. The white areas are measurement shadows caused mainly by the zastrugi in the tail area of the dune (Fig. 2) . To assess the hardening of the fresh snow, we only analyze SMPs with newly deposited snow at the surface (circles in Fig. 3 ). SMPs in areas where the old snow surface from before the 10 snowfall is exposed were therefore removed. The difference between the DSMs of 31 and 29 December clearly show that the dune formed during this period. For other depositions of snow, it is not clear whether they accumulated during the drifting snow events before or after the snowfall event. The SMP measurements in these areas are therefore not analyzed here. As can be seen in Fig. 3 , not all "Dune SMPs" are located on the dune itself, i.e. in areas with a positive snow depth change. A deposition of at least 1 cm is required in order not to consider old snow in the calculation of the SMP hardness. A threshold of 2 cm was used to allow for some uncertainty and all "Dune SMPs" with a snow depth change below 2 cm and SMPs in measurement 5 shadows were discarded (triangles in Fig. 3) . To calculate the snow depth changes, the DSM from 2 January was used for the SMPs from 3 January, the DSM from 6 January for the SMPs from 6-7 January and the DSM from 11 January for the SMPs from 12 January.
Results

5
The size of the circles in Fig. 3 shows the SMP hardness change as a function of the position on the dune. The distribution seems to be mostly random but the snow tends to be slightly softer at the tail than at the crest. This can be seen more clearly high. Nevertheless, the correlation coefficient is significant with a p-value of 0.001. The repeat measurements are marked with asterisks (*) and show that the local variability can be high. These measurements were performed close to existing SMP holes 5 and some of them have a remarkably different SMP hardness than their predecessors. For other repeat measurements, the SMP hardness change corresponded well. In these cases, the local variability was low. It must be kept in mind, that these SMPs were acquired on different days between 3-12 January. Even if the wind speed was below 6 ms −1 and the cumulative mass flux remained constant in this period, some of the variability may be due to temporal effects.
In Sommer et al. (2017) , groups of SMPs acquired after wind periods with or without drifting snow were compared and it was shown that no crust formed without drifting. Here, the cumulative mass flux since the acquisition of the "Initial SMPs" is used as a measure of how much drifting occurred. There are three groups of SMPs. Those with basically no drifting (from 23 and 27 December), those acquired after the small drifting snow event (from 29 December) and those acquired after the main drifting snow event (from 3-12 January). The first group ("No drifting") is defined by a cumulative mass flux below 0.25 . The SMP hardness changes of these three groups are compared in Fig. 5 using boxplots. The boxes show the first and third quartiles and the length of the whiskers is 1.5 times the interquartile range at most.
The SMPs with no new snow (squares in Fig. 1C ) and SMPs in areas of erosion (triangles in Fig. 3 ) were removed such that only SMPs with freshly deposited snow at the surface remain. The plot shows the SMP hardness change relative to the mean SMP hardness of the 9 initial SMPs (Fig. 1C) . The SMP hardness increased by up to 0.09 N in the "No drifting" group but . The scatterplot contains 68 points. Five SMPs were removed because their search sectors contained less than four TLS points. The negative correlation shows that the hardening tends to be more efficient in 10 more wind-exposed areas.
Discussion and conclusion
The observed event was a close approximation of our wind tunnel experiments. A homogeneous snowfall, a period with wind but without drifting snow and finally a strong drifting snow event. In Antarctica, a 10 cm snowfall without wind is rarely observed and we were fortunate to capture this event. The SMP and TLS data were analyzed similarly to the SMP and Kinect In the wind tunnel, we first compared SMPs that were acquired after wind periods with or without drifting snow. We found that drifting snow is a necessary but not sufficient condition for the formation of a wind crust. In Antarctica, we observed the same result (Fig. 5) . For the SMPs with a cumulative mass flux close to zero the SMP hardness did not increase considerably.
In the group of SMPs acquired after the small drifting snow event the hardness increased by up to 1 N. This is the range of hardness increases that was observed in the wind tunnel. The SMP hardness increases after the main drifting snow event are a 5 lot higher than anything we have achieved in the wind tunnel. This is most likely due to higher wind speeds and more intense drifting in Antarctica. We do not have a logarithmic boundary layer in the wind tunnel and did not measure the mass flux. The conditions can therefore not be compared directly. However, the free stream wind speed in the wind tunnel was measured about 30 cm above the snow surface and rarely exceeded 6 ms −1
. Kuznetsov (1960) measured the hardness of a mobile barchan dune and observed that the crest was softer than the tail (see 10 also Filhol and Sturm (2015) ). Our measurements, on the other hand, suggest that the tail area is slightly softer than the crest (Figs. 3 and 4) . A clear difference between the two observations is that the dune we surveyed was already a few days old and not moving anymore. Furthermore, the tail area had also already been partly eroded again. The measurement conditions were therefore quite dissimilar and could explain the differing results.
With the parameter Sx we can explain only 7% of the variability of the SMP hardness change. This is in contrast to the wind 15 tunnel experiments (Sommer et al., 2018) where Sx explained 40% of the variability. The correlation coefficient is negative in both cases but the slope of the linear relationship is also quite different. In the wind tunnel, the slope was -2.54 N Even though the results from Antarctica are less clear than those from the wind tunnel, the trends are the same. There was no hardening without drifting snow and the correlation between Sx and hardness is negative. This analysis documents for the first 10 time quantitatively how fresh snow gets reorganized in a drifting snow event in Antarctica. The measured change in associated hardness is invaluable to improve existing models of snow deposition (Groot Zwaaftink et al., 2013) .
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